C ells in the early embryo are deft at leaving their options open, yet have the ability to commit to a developmental path when appropriate cues are presented. Such developmental potential to become any cell type in the body is termed pluripotency. Pluripotent cells exist transiently during the first days of embryogenesis (up to E8.5) 1 . Pluripotency has been first confirmed in cell cultures of embryonic tumour cell lines 2, 3 and later in normal pluripotent stem cells (PSCs) 4, 5 . PSCs can self-renew indefinitely in vitro and retain the ability to differentiate into all three germ layers of the body. The derivation of PSCs has afforded researchers a versatile tool to study the signalling environment of pluripotency, to dissect the molecular underpinning of pluripotency and to exploit the potential of these cells in disease modelling, drug discovery and regenerative medicine. Pluripotent cells in the early embryo provide the gold standard reference for comparison and validation of in vitro findings. In vivo populations, however, are scarce, which makes them challenging to study at the molecular level. Luckily, advances in single-cell, single-molecule and real-time molecular techniques have remedied this limitation and deepened our understanding of the intricate regulation of pluripotency.
C ells in the early embryo are deft at leaving their options open, yet have the ability to commit to a developmental path when appropriate cues are presented. Such developmental potential to become any cell type in the body is termed pluripotency. Pluripotent cells exist transiently during the first days of embryogenesis (up to E8.5) 1 . Pluripotency has been first confirmed in cell cultures of embryonic tumour cell lines 2, 3 and later in normal pluripotent stem cells (PSCs) 4, 5 . PSCs can self-renew indefinitely in vitro and retain the ability to differentiate into all three germ layers of the body. The derivation of PSCs has afforded researchers a versatile tool to study the signalling environment of pluripotency, to dissect the molecular underpinning of pluripotency and to exploit the potential of these cells in disease modelling, drug discovery and regenerative medicine. Pluripotent cells in the early embryo provide the gold standard reference for comparison and validation of in vitro findings. In vivo populations, however, are scarce, which makes them challenging to study at the molecular level. Luckily, advances in single-cell, single-molecule and real-time molecular techniques have remedied this limitation and deepened our understanding of the intricate regulation of pluripotency.
In vivo and in vitro studies confirm that pluripotency is maintained by specific extrinsic signals and a hierarchical, interconnected gene network 6 . A few pluripotency transcription factors act as hubs of the pluripotency gene regulatory network (PGRN). The importance of these core transcription factors to pluripotency has been proven many times [6] [7] [8] [9] [10] , but perhaps most convincingly by the discovery that enforced expression of OCT4, SOX2, KLF4 and MYC can reinstate pluripotency in terminally differentiated cells 11, 12 . The most salient points from studies on core pluripotency factors and the PGRN are that these factors regulate their targets co-operatively, form autoregulatory and feed-forward gene circuits, and that PGRNs exhibit bi-stability. In this case, pluripotency either propagates indefinitely when the core circuitry achieves balanced expression, or gives way to differentiation programs when the function of any of the core transcription factors is sufficiently diminished 6, [13] [14] [15] . Besides transcriptional regulation, the PGRN also receives multiple layers of regulatory inputs, including post-transcriptional regulation of RNA processing, translation, protein modification and turnover, and epigenetic and metabolic regulation 6 ( Fig. 1) . A recurring theme is that rather than relying on one monopolistic pathway, the PGRN often depends on antagonistic mechanisms to stabilize a dynamic, bi-stable pluripotent state that is poised for differentiation 16, 17 . How these regulatory mechanisms operate is not completely understood. Here, we provide an up-to-date overview of the recent data on the molecular mechanisms underlying the multifaceted regulation of pluripotency.
In vivo, pluripotency exists within a relatively wide developmental window during which the transcriptional program changes substantially 18 . This process is mirrored by the in vitro stabilization of PSCs in a number of interconvertible pluripotent states, with distinct transcriptional and epigenetic features 6, 19 . Several core pluripotency factors exhibit transcriptional heterogeneity in self-renewing culture [20] [21] [22] [23] [24] [25] , implying that the PGRN might embrace heterogeneity as part of its regulatory assets (Fig. 1 ). We will discuss these findings and the diversity of pluripotency states in the final sections of this Review Article.
Core transcription factors of the PGRN
The core circuitry of the PGRN consists of three transcription factors, namely the octamer-binding OCT4, the SRY family transcription factor SOX2 and the homeobox transcription factor NANOG (refs 6, 7, 26 ). In vivo, OCT4 expression is evident in the pluripotent cells of the inner cell mass (ICM)-cells inside the blastocyst-stage embryo that contribute to all embryonic tissue-the epiblast and primordial germ cells 8, 27, 28 . OCT4 is uniformly expressed by all types of PSCs and is essential for pluripotency. It promotes mesendoderm differentiation of PSCs when overexpressed, whereas its downregulation leads to trophectoderm differentiation 28, 29 . OCT4 is also the only reprogramming factor that is constant in most, if not all, transcription factor cocktails used to generate induced PSCs (iPSCs) 30, 31 . SOX2 function is required for development of the pluripotent epiblast and for neural ectodermal differentiation of PSCs 29, 32 . SOX2 and OCT4 form heterodimers and cooperatively regulate downstream targets, including each other 33, 34 . Activation of the endogenous SOX2 gene is a rate-limiting step that allows the somatic-cell-reprogramming process to transition from the stochastic phase to the deterministic phase when cells become pluripotent 35 . NANOG is required in the ICM for formation of the epiblast 10, 36 . Constitutive expression of NANOG enables leukaemia inhibitory factor (LIF)-independent self-renewal of mouse embryonic stem cells (mESCs)
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NATuRe Cell Biology factors and other pluripotency transcription factors, such as oestrogen-related receptor beta (ESRRB) 37, 38 . NANOG, together with another pluripotency gene LIN28, can replace KLF4 and MYC in the original reprogramming cocktail to induce pluripotency 39 .
Genomic binding of pluripotency transcription factors. Co-operative binding of OCT4-SOX2 heterodimers is not only important for the maintenance of pluripotency but also for iPSC reprogramming. Changes in protein-protein interaction between OCT4 and SOX2 (by mutation or post-translational modification) and in the configuration of the OCT4-SOX2 composite DNA-binding motif greatly impact the expression of pluripotency and lineage genes 6 . Similarly, mutations in the OCT4-SOX2 contact region of OCT4, but not its DNA-binding domain, markedly compromise its reprogramming activity 40, 41 . Some paralogues of these reprogramming factors substitute for them in reprogramming, probably due to shared DNAbinding motifs and protein partners, whereas others cannot 31 . These exceptions allow important insights into the molecular features of core pluripotency factors.
SOX17 has no reprogramming activity and cooperates poorly with OCT4 on the canonical OCT4-SOX2 motif 42 . Interestingly, a single amino acid change in the OCT4 interface of SOX17 enables efficient cooperation with OCT4 and converts it into a reprogramming factor [42] [43] [44] [45] . Wild-type SOX17 can also cooperate with OCT4, but on an alternative DNA motif. Consequently, switching the OCT4 heterodimeric partner from SOX2 to SOX17 contributes to primitive endoderm differentiation 42, 44 (Fig. 2a) . These findings suggest that cooperation between pluripotency factors greatly influences their genomic binding and thus their lineage-specifying activity. OCT4 is the only reprogramming factor that cannot be replaced by other members of the POU (Pit-Oct-Unc) family of transcription factors (for instance, OCT1, OCT6U or BRN5). Evidence suggests that OCT4 has a unique preference for the heterodimeric OCT4-SOX2 binding motif, whereas other POU factors preferentially bind palindromic octamer recognition elements as homodimers 40, 46 . When amino acids that are important for such binding preferences are exchanged between OCT4 and OCT6, a neural POU factor without reprogramming potential, OCT4 loses a portion of its reprogramming activity 40 . Conversely, OCT6, with two additional mutations, gains the ability to generate iPSCs and maintain pluripotency in the absence of OCT4 (ref. 40 ) (Fig. 2b) . Therefore, the function of specific POU factors in cell-fate determination depends on dimerization preference, which, in turn, is mediated by residues in the POU domains.
OCT4 is purported to be a so-called pioneer transcription factor that binds its target sequences despite hindrance by compact chromatin 47 . The pioneering function of OCT4 entails its ability to alter local chromatin structure and facilitate the binding of additional transcription factors such as SOX2 and NANOG (ref. 48 ). This function is important in the initialisation of new gene regulatory programs during cell-state transitions. How OCT4 performs this role at the molecular level has not been clear. A recent report showed that acute loss of OCT4 in mESCs leads to decreased chromatin accessibility in the majority of OCT4 binding sites 49 . Maintenance of Pluripotency is stabilized by a triad of core transcription factors; namely OCT4, SOX2 and NANOG, which act cooperatively to regulate a larger and interconnected network of pluripotency genes. The PGRN crosstalks with multiple regulatory mechanisms, including transcription, post-transcriptional regulation, cellular signalling, bioenergetics, epigenetics and transcriptional heterogeneity (depicted with symbols on a dial outside of the core PGRN). For example, LIN28 is a PSC-associated RBP that mediates a metabolic shift from naïve to primed pluripotency by targeting mRNA translation, while the stability of LIN28 itself is controlled by fibroblast growth factor (FGF)-ERK signalling 65 . The integration of all regulatory inputs ultimately 'dials' PSCs in specific pluripotent states, such as the ground state, primed state and alternative pluripotency states. The primed, ground and alternative states are depicted as a colour spectrum because evidence suggests that in vivo pluripotency exists as a dynamic continuum and that these states are interconvertible in vitro.
NATuRe Cell Biology chromatin accessibility of OCT4-binding-targets requires Brahmarelated gene-1 (BRG1), a subunit of the BRG or Brahma-associated factor (BAF) complex, which is essential for maintenance of pluripotency. BRG1 is normally recruited to these sites by OCT4 (ref. 49 ). These data suggest a model whereby BRG1 creates accessible chromatin to stabilize the initial OCT4 binding, which facilitates more robust cooperative binding with SOX2 and NANOG (ref. 49 ). BRG1 enhances the efficiency of these reprogramming factors 50 . BRG1 is therefore probably also important for the pioneering function of OCT4 during reprogramming. Untangling OCT4-specific roles of BRG1 from its general effects on chromatin requires insights into the physical interaction between BRG1 and OCT4, and into mutations that disrupt BRG1 recruitment without affecting DNA binding of OCT4. Along these lines, mutations in the linker region between the two POU domains of OCT4 diminish its reprogramming activity but do not affect most of its fundamental functions 40, 51 . Intriguingly, when the interactome of one such OCT4 mutation was compared with the published consensus, only two proteins, BRG1 and chromodomain helicase DNA-binding protein 4 (CHD4), showed statistically significant reduction in representation 51 .
Interestingly, a computational model that identifies transcription factor binding sites using DNase I hypersensitivity analysis, followed by sequencing, did not classify OCT4 as a pioneer factor 52 . However, this work analysed mESC differentiation rather than somatic cell reprogramming, and thus may not have adequately captured the pioneering function of OCT4. The pioneer model has also been challenged by findings in mouse somatic cell reprogramming, with reports that cooperative interactions among OCT4, SOX2 and KLF4 initiate the inactivation of somatic enhancers 53 . In addition, selection of pluripotency enhancers in silent chromatin requires binding of multiple transcription factors 53 . Further study is warranted to understand the mechanisms by which pluripotency factors orchestrate reprogramming and their pioneer functions.
An OCT4-centric view on pluripotency-factor binding is certainly incomplete. Single-molecule tracking has demonstrated that SOX2 engages target DNA first, followed by facilitated binding of OCT4 (ref. 54 ). SOX2 or OCT4 rely on transient sampling, involving three-dimensional diffusion and one-dimensional sliding along DNA to find and engage in long-lived interactions with cognate DNA (ref. 54 ). Researchers have used photoactive fluorescence correlation spectroscopy to quantify the DNA-binding dynamics of SOX2 or OCT4 fused to photoactive green-fluorescent protein (paGFP-SOX2 or paGFP-OCT4) in single cells from live mouse embryos 55 .
Results indicated that paGFP-SOX2 participates in more long-lived binding than paGFP-OCT4 in four-cell embryos 55 . The study suggested that long-lived SOX2-binding is variable among the four blastomeres and may predict the likeliness of cells contributing to the pluripotent ICM (ref. 55 ). This finding has shed some light on the controversy as to whether four-cell embryos harbour heterogeneities that can predict cell fate. However, the fact that endogenous levels of OCT4 and SOX2 in four-cell embryos are low and heterogeneous means that conclusions of the paGFP study have to be tempered 55, 56 . Most literature on pluripotency factors focuses on their function in the interphase of the cell cycle. Nonetheless, PSCs need to constantly progress through mitosis while maintaining pluripotency. How PSCs stably propagate the PGRN during mitosis, when chromosomes become highly condensed and transcription ceases, remains puzzling. Some transcription factors remain associated with mitotic chromatin and can potentially transmit tissue-specific transcriptional programs 57, 58 . The orphan nuclear receptor ESRRB, a pluripotency factor that can substitute for NANOG, remains associated with the mitotic genome at 10-15% of its interphase target . ESRRB mitotic binding sites tend to be associated with genes that are upregulated by ESRRB in G1 immediately after mitosis, including genes important for pluripotency (for example, TFCP2L1, TBX3, KLF4 and DNMT3L) 59 . These data suggest that mitotic binding of some pluripotency factors might be important for stable transmission of the PGRN through cell division. It would be interesting to examine if the core transcription factors OCT4 and SOX2 perform similar roles (NANOG is excluded from mitotic DNA).
Post-transcriptional controls
Post-transcriptional controls add another layer of regulation that serves to increase the flexibility and robustness of the PGRN (refs 6,7 ). RNA-binding proteins (RBPs) have emerged as central integrators of molecular events involving signalling, posttranscriptional gene control, metabolism and epigenetics 60 . Most RNAs in a cell exist as ribonucleoprotein complexes (RNPs) together with RBPs 60 . RBPs regulate mRNA splicing, turnover, and translation, and cooperate with non-coding RNAs (ncRNA) in gene regulation 60 . Proteomic approaches have elucidated that the repertoire of RBPs in PSCs is more extensive than the number of proteins with recognizable RNA-binding domains (RBDs) 61 . Using UV cross-linking of RNPs followed by polyA + RNA interactome capture, a team discovered 555 RBPs (283 novel ones) in mESCs 61 . Thirty-nine per cent of the RBPs have no known RBDs, suggesting novel structural bases for RNA interaction. More than half of the identified RBPs are enriched in PSCs. Interestingly, the mESC mRNA interactome overlaps with a MYC-centred regulatory network of the PGRN (refs 61, 62 ). This finding suggests that many RBPs may participate in MYC-regulated processes, such as translation and proliferation in PSCs. Another report expanded the search to include polyA -ncRNAs using 4-thiouridine (4SU)-mediated photo-cross-linking and quantitative mass spectrometry 63 . In addition to peptide identification, covalently linking 4SU to peptides allows mapping of minimal RNA-binding regions (RBRs) of RBPs. This method, termed RBR-ID, resulted in identification of 803 RBPs in the nucleus of mESCs, over 50% of which were not known to be RBPs 63 . RBR mapping shows that, unexpectedly, RNA binding is common among chromatin regulators, of which many (for instance, EZH2, SUZ12, HP1, CTCF, HDAC1, DNMT3 and TET2) are involved in pluripotency regulation 63 . This finding further argues for an intimate link between protein-RNA interaction and epigenetic regulation.
LIN28 is a classic RBP that couples signalling with post-transcriptional control to specify cell fate [64] [65] [66] [67] . LIN28 is an evolutionarily conserved RBP first identified in Caenorhabditis elegans as a regulator of developmental timing 68 . Both mammalian paralogues of LIN28 (LIN28A and LIN28B) are highly expressed in PSCs 69 . LIN28A is a reprogramming factor that can replace MYC, partly due to its analogous role in promoting cell division 31, 39 . It promotes pluripotency by blocking biogenesis of the let-7 family of microRNAs that are important for the differentiated phenotype 70 . LIN28 also binds and regulates translation of genes involved in the cell cycle, transcription and metabolism, independently of the LIN28-let-7 pathway 67, 71 . LIN28 protein stability is regulated by mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) signalling, a key pathway controlling pluripotency 6, 64 . Phosphorylation by ERK stabilizes LIN28 protein, thus shifting the stoichiometry between the RBP and its targets and enhancing the ability of LIN28 to control mRNA translation 64 . Interestingly, this phosphorylation effect is independent of the role of LIN28 in antagonizing let-7. In naïve pluripotency, LIN28 protein and RNA levels are reduced 64 . However, during the transition from naïve to primed pluripotency, increased fibroblast growth factor (FGF)-ERK signalling boosts LIN28 protein levels, which might facilitate a timely and robust cell-fate transition 64 ( Fig. 3a) .
Consequently, one of the effects of elevated LIN28 is a metabolic shift from naïve to primed pluripotency. Although both states feature higher reliance on glycolysis than oxidative phosphorylation compared to somatic cells 72, 73 , naïve PSCs also use fatty acid beta-oxidation and have higher mitochondrial capacity 74 . LIN28 is upregulated in primed PSCs, both transcriptionally and post-transcriptionally 25, 64 , and binds mRNAs of genes important for oxidative phosphorylation to repress their protein abundance, thus lowering mitochondrial respiration in primed pluripotency 65, 73 . Interestingly, LIN28-deficient iPSCs show reduced levels of metabolites in the one-carbon metabolic pathway, including S-adenosyl-methionine (SAM), the donor for histone methylation. Low availability of this donor in LIN28-knockout iPSCs correlates with H3K9 and H3K27 hypomethylation and a delayed exit from naïve pluripotency 65 . These observations show that LIN28 is well positioned to integrate upstream signalling, post-transcriptional control, metabolism and epigenetic regulation in cell fate determination (Fig. 3a) . Although these studies provide a first glimpse into the RBP-based posttranscriptional regulatory network, a more complete understanding requires much more work. For example, LIF-STAT3 signalling upregulates mitochondrial transcription and promotes oxidative respiration, which is consistent with its critical role in naïve pluripotency 75 . STAT3 also binds the LIN28 promoter and upregulates its expression 76 . It is unclear whether crosstalk exists between these pathways to keep LIN28 function in balance. Furthermore, LIN28 is one of hundreds of RBPs in PSCs, most of which are uncharacterized. Further research on these RBPs will shed light on how widespread RBP-mediated coupling of signalling pathways and post-transcriptional regulation is.
Alternative splicing can increase proteome diversity and instigate alternative gene-expression programs during cell state transition 77 . Several pluripotency factors have been reported to function as PSC-specific isoforms [78] [79] [80] . Regulators of alternative splicing, including RBPs and splicing factors, control self-renewal of PSCs and cell reprogramming. Somatic cell reprogramming is a multistep process with recognizable transitional phases when cells attain new transcriptional programs, such as mesenchymal-to-epithelial transition (MET) and transgene independence. An analysis of transcriptome-wide alternative splicing events during the time course of reprogramming using RNA sequencing revealed multiphasic and temporally complex changes in splicing. Many RBPs show a pattern of differential expression that correlates with changes in alternative splicing during reprogramming. This observation led to the identification of splicing factors that contribute to phase-specific alternative splicing changes, including Zcchc24 for the early phase, Rbm47 for the late phase, and Esrp1 for the MET phase 81 . Specifically, Esrp1-modulated splicing of epithelial transcription factor Grhl1 produces a functional protein that facilitates MET through inclusion of an exon that abolishes a downstream premature stop codon (Fig. 3c) . Consistently, overexpression of Esrp1 or full-length Grhl1 enhances reprogramming efficiency 81 . These data highlight the complex and dynamic nature of the alternative splicing program in pluripotency acquisition. The functional significance of the large number of alternative splicing events is likely to fall on a broad spectrum. Detailed case-by-case studies combined with bioinformatics-guided candidate screening might be a logical path to insights into alternative splicing in pluripotency and strategies to enhance reprogramming.
Single-cell analysis resolves pluripotency heterogeneity
The idea that a dynamic and plastic transcriptional program is fundamental to pluripotency is supported by three types of evidence: first, PSCs exist in multiple interconvertible states with distinct transcriptional circuitry, signalling requirements and cellular phenotypes 18, 19, [82] [83] [84] . Second, naturally occurring subpopulations of PSCs differ in their developmental potency and propensity for Review NATuRe Cell Biology differentiation into different lineages 25, 85, 86 . Third, several key regulators (for example, NANOG, ZFP42 and ESRRB) of the PGRN exhibit transcriptional heterogeneity 25, 87, 88 . Single-cell analysis is increasingly being used to deconstruct heterogeneity in biological systems to provide novel insights into the inner workings of gene networks. Single-cell RNA sequencing (scRNAseq) is widely accepted as a powerful tool for analysing the transcriptome of individual cells 89 . Single-cell quantitative reverse-transcriptase polymerase chain reaction, single-molecule fluorescence in situ hybridization, and single-cell mass-cytometry 90, 91 are useful as complementary methods or secondary validation. Development of combinatorial single-cell multi-omics analysis offers unprecedented opportunity to correlate the transcriptome, genome, methylome and chromatin accessibility of a single cell to determine key nodes and causal relationships in gene networks [92] [93] [94] [95] [96] [97] .
In vitro. PSC heterogeneity can result from transcriptional fluctuation within cells over time, as suggested by studies of the NANOG, Rex1 and Stella loci 20, 21, 87, 98 . These studies used a GFP reporter knocked into the pluripotency gene locus (or in a BAC transgene for Stella) to follow the transcriptional fluctuation of the locus in real time (Fig. 3b) . They confirmed that the interactions between the core pluripotency factors and random fluctuation in transcriptional output yielded the observed behaviour of NANOG. However, others have suggested that the use of a fluorescent reporter may perturb the dynamic regulatory feedback of NANOG, which is exactly what the system is set out to measure, therefore defeating its purpose 99, 100 . Nonetheless, scRNAseq studies show that NANOG transcripts do exhibit cell-to-cell variation, which is incidentally another source of heterogeneity indicative of the presence of subpopulations in culture 25, 88 . The subpopulations of cells grown in LIF/serum conditions express varying levels of pluripotency and differentiation genes, which might correspond to distinct self-renewing and differentiation-primed populations (Fig. 3b) . By comparison, pluripotency ground states (2i or alternative 2i conditions) show less transcriptional noise in pluripotency gene expression and no subpopulation of differentiating cells, consistent with the observation that ground-state cells are less prone to differentiation 25, 88 . Surprisingly, removal of mature microRNAs drives PSCs into a low-noise ground state similar to the 2i condition, revealing that balanced expression of the opposing families of let-7 and miR-148/152 microRNAs controls ground state pluripotency 25 . scRNAseq also facilitates the TL2i: 2i/LIF, tamoxifen Enforced expression of a transgene STAT3-ER.
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NATuRe Cell Biology study of a rare alternative pluripotent population expressing markers of the two-cell stage. These so-called 2C-like cells can be detected in the scRNAseq data despite their low frequency (~3% of analysed cells) 88 . Their characteristic MERVL expression was verified, but a closer similarity to two-cell stage embryos was not confirmed 88 .
In vivo. Single-cell analysis indicates that in vivo pluripotent cells isolated from different stages of embryogenesis are more heterogeneous than PSCs in static in vitro culture 88 . Using scRNAseq to deconstruct the heterogeneity in the early embryo is extremely informative in understanding the in vivo dynamics of the PGRN and how exit of pluripotency and cell-fate determination are temporospatially coordinated. scRNAseq analysis of individual cells from human preimplantation embryos highlights an important difference in early lineage segregation and X chromosome inactivation between humans and mice. In humans, segregation of the three earliest cell lineages-trophectoderm (TE), epiblast (EPI) and primitive endoderm (PE)-happens simultaneously with blastocyst formation at E5 (ref. 101 ). This finding is in contrast with the two-step process thought to happen in mice, where PE and ICM are specified first, followed by the maturation of EPI and PE in the blastocyst 102, 103 . A study also revealed gradual compensation of biallelic expression from X chromosomes in all three lineages during human preimplantation development, which again differs from X chromosome inactivation in mice 101 . Although human ESCs (hESCs) are derived from preimplantation embryos, they share features with primed mouse epiblast stem cells rather than naïve mESCs 19 . Because of the basic research interest in pluripotency across evolutionarily divergent species, and in alternative PSC sources with practical advantages for single-cell cloning, genome editing and multilineage differentiation, capturing naïve pluripotency in hPSCs is a major ambition in the field. Multiple conditions have been proposed to stabilize naïve hPSCs in culture [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . Most protocols share the mouse ground state condition (2i/LIF) as a starting point, but use different combination of chemical compounds, growth factors and transgenes to establish naïve hPSCs through conversion of conventional hESCs, reprogramming of somatic cells or derivation from human embryos ( Table 1) . These protocols result in cells with different molecular and functional characteristics. A meta-analysis of the transcriptome of various naïve hPSC states and preimplantation embryos showed that naïve hPSCs established with different protocols display a high LIF, leukaemia inhibitory factor; DOX, doxycycline; 2i, the use of inhibitors of GSK3 (CHIR99021) and MAPK/ERK (PD0325901) signalling to maintain mESCs in the chemically defined 2i condition without extrinsic instruction. Since it is not ethically permissible to perform chimaera assays in human embryos, several studies used interspecies chimaera assays as a functional test of naïve-state acquisition 104, 106, 107 . The results of these studies verify that the extent of naïve hPSC contribution to mouse embryos remains limited and controversial, partly due to the technical complexity of these experiments. To this end, non-human primate models have shown potential to address the species specificity of naïve pluripotency, and chimaera assays using naïve primate ESCs derived under analogous human naïve conditions could help optimize naïve hPSC culture 117 . Although naïve mouse PSCs and mouse embryos have been widely used as benchmarks for proposed human naïve conditions, it is unclear whether human in vivo naïve pluripotency is equivalent to that in the mouse. scRNAseq analysis of early and late human blastocysts discovered human-specific gene expression signatures of pluripotent cells in the ICM. Three signature genes (MCRS1, TET1 and THAP11) are able to induce human naïve pluripotency in vitro 118 . Similar work in non-human primates has extended the analysis to post-implantation development and revealed a developmental coordinate of the pluripotency spectrum among mice, monkeys and humans, which could lead to better culture conditions for hPSCs 119 .
an expanding view of in vitro pluripotency states
The diversity of pluripotency states that can be stabilised in culture is becoming increasingly appreciated. This variety is not surprising given the heterogeneity that exists among individual cells of the early embryo, from which PSCs are derived 25, 88, 101, 118 . Evidence suggests that in vivo pluripotency exists as a dynamic continuum 119 . Improved knowledge of the PGRN and genetic and chemical screens have contributed to and expanded the list of pluripotent cell types, from the duet of naïve and primed PSCs to totipotent-like cells 86, 120 and distinct subtypes of primed PSCs 83 . Expression of distinct classes of transposable elements correlates with different early embryonic stages 121 . Evidence suggests that transposable elements have an important role in shaping the PGRN (ref. 6 ) Distinct classes of transposable elements are activated in the spectrum of PSC states. These states parallel the developmental continuum of pluripotency that is associated with a gradient of global DNA methylation 122 . PSCs have limited ability to contribute to extraembryonic placental tissues in chimaeric embryos (embryos composed of cells that originated from more than one zygote) 123 . Although mESC subpopulations (such as 2C-like cells) can generate both embryonic and extraembryonic tissues, they cannot be stably maintained 86, 120 . A cocktail of small molecules ( Table 1) supports establishment of expanded potential stem cell (EPSC) cultures from eight-cell blastomeres, or conversion of existing mESCs and iPSCs 124 . These small molecules inhibit signalling by MAPK, Src, Wnt, Hippo and the poly-ADP-ribosylation (PARP) family members TNKS1/2, all of which regulate blastomere differentiation, particularly the segregation of trophectoderm and ICM (ref. 124 ). EPSCs contribute to embryonic and trophectoderm lineages at the single-cell level in chimaera assays. Whether the same condition applies to human blastomeres and hPSCs remains to be shown. Another group serendipitously discovered that a cocktail of chemicals (Table 1) , initially identified for their role in supporting human naïve pluripotency, confer embryonic and extraembryonic bi-potential to mouse and hPSCs 125 . These cells, termed extended PSCs (EPS cells), show enhanced chimaeric contribution to the embryo proper and the placenta. In contrast to hPSCs, which have a poor ability to form interspecies chimaeras in preimplantation mouse embryos 126 , human EPS cells can form chimaeric mouse embryonic and extraembryonic tissues, albeit at very low levels. EPS cells are molecularly distinct from all other PSCs examined, including cells from early mouse embryos. The mechanistic underpinning of the chemical cocktail is not clear, but it seems to involve PARP1-mediated epigenetic regulation 125 . Additionally, manipulating trophoblast development and anti-apoptotic pathways in conventional hESCs also expands their extra-embryonic potential 127, 128 . Progression of the in vivo pluripotency continuum might be suspended in a reversible state called embryonic diapause, under unfavourable conditions 129 . This suspension of embryonic development occurs as the blastocyst delays implantation in the uterus. How in vivo pluripotent cells regulate this state is a fascinating question. Evidence suggests that partial inhibition of mechanistic target of rapamycin (mTOR) induces a diapause-like state in mouse blastocysts and extends their ex vivo culture from ~2 days to 22 days 130 . The 'paused' blastocysts are competent enough to give rise to ESCs and, more importantly, develop into live and fertile mice. Pausing can be induced in mESCs by blocking mTOR and can be sustained for weeks without cell death. Paused ESCs resume normal selfrenewing growth when released from mTOR inhibition. Diapause and induced pausing are associated with reductions in mTOR activity, transcription, translation and epigenetic marks associated with active transcription 130 . As such, paused ESCs represent a new pluripotency state that is uniquely useful for studying how nutrientsensing pathways regulate pluripotency, evolution of diapause and assisted reproduction.
Conclusions and outlook
As PSCs can become all cell types, research on them has touched every corner of biology. They have provided useful cellular models to gain a better molecular understanding of transcriptional, posttranscriptional, epigenetic and metabolic controls during cell fate transition. Many fundamental insights into gene regulation, such as super enhancers 131 and topologically associating domains 132 , were discovered using these models. PSCs also offer unparalleled opportunities to study early development. Previously intractable questions relating to early human embryogenesis, placental development and diapause are being addressed thanks to the discovery of diverse pluripotency states. In the future, technological innovations, such as genome and epigenome editing [133] [134] [135] [136] , single-cell multi-omics, CRISPR-based genomic tagging and live imaging will continue to elevate the precision and breadth of the investigation into the PGRN.
CRISPR-Cas9-mediated genome editing offers a powerful way to genetically label cells for lineage tracing to study regeneration 137 , map the complete lineage tree of the whole organism 138 , and perform genetic screens with single-cell precision to study barriers of reprogramming 139 . Imaging-based live cell tracing is enormously useful to monitor cell behaviour during differentiation in vitro or development in vivo. Various synthetic materials, including nanoparticles, have been used as non-invasive imaging reagents to not only observe cells (distribution, movement, morphology and more), but also assess their biological activity (viability and apoptosis) 140, 141 . Within a cell, new technologies using CRISPR and catalytically inactive Cas9 to image genomic loci in live cells promise to improve the study of the spatiotemporal organization and dynamics of chromatin 142 . This system has been adapted for programmable tracking of endogenous RNA in live cells, thus opening up new possibilities of transcriptome manipulation in pluripotency 143 . PSCs are among the most studied cell types using high-throughput-sequencing-based transcriptomic and epigenomic profiling techniques. These data were typically compared to a reference set using differential expression and clustering to learn gene regulatory programs in the cells of interest. Of late, computational models have been devised to systematically predict transcription factors necessary for cell fate transition [144] [145] [146] [147] . These models use gene expression data of large collections of cell types, gene and protein network data, or mathematical control theory to build algorithms for cell fate control. Current models focus on making predictions of core transcription factors for transdifferentiation. In the future, we should be able to predict perturbations that can delete the epigenetic memory of the starting cell type and extinguish programs of unwanted cell fates.
The development of various alternative pluripotency states has opened up previously unrecognized avenues of research in developmental biology, evolutionary biology, and regenerative medicine. PSCs with enhanced ability to contribute to interspecies chimaeras, such as naïve PSCs and EPS cells, allow insights into the evolution of developmental timing, xenobarriers and cell-cell competition. Interspecies chimaeras between humans and non-primate mammals might be game changers in disease modelling, in vivo drug discovery, and xenogenic tissue or even organ generation 148 . One of the main challenges ahead is how to analyse the real-time changes in a single cell undergoing cell-fate transition. Here, CRISPR-Cas9 and computational tools are poised to propel the field forward. Quantitative descriptions along the temporal scale combined with the static multi-omic data could greatly improve our ability to predict stem cell behaviour. Knowing the developmental trajectory of PSCs might be a critical step toward the ultimate hope of regenerative medicine, to achieve de novo reconstruction of three-dimensional organs.
